Bactericidal effects of quinupristin/dalfopristin and ciprofloxacin have been studied against six strains of Staphylococcus epidermidis, with varying erythromycin resistance phenotypes and varying abilities to form slime and adhere, growing as biofilms. Ciprofloxacin and quinupristin/dalfopristin killed (2-3 log 10 cfu/mL) planktonic and sessile cells slowly, but progressively, over the course of 48 h. Rates of killing by quinupristin/dalfopristin were independent of concentration over the range 5-30 mg/L, and were somewhat slower than those seen with ciprofloxacin. These findings suggest that quinupristin/dalfopristin may be useful in the treatment of line-associated infections.
Introduction
Many different techniques have been used to study the effects of antibiotics on staphylococci in biofilms. Methods can be divided broadly into two groups, static and dynamic. In the former, biofilms are formed on various biomaterials that may be encountered in medical practice (stainless steel, polymethylmethacrylate, polyethylene, segments of catheters made from Teflon, polyurethane or polyvinyl chloride), or may be artificial substrates such as glass beads, polystyrene tissue culture plates or cellulose membrane filters. Biofilms are then exposed to various concentrations of antibiotics. This type of approach has been reported by many workers (e.g., references [1] [2] [3] [4] [5] [6] [7] [8] . The dynamic approach involves perfusion of biofilms formed on tubing or flat surfaces in a continuous culture apparatus, 9 or a modified Robbins device. 10, 11 Each method has associated advantages and disadvantages, and bears differing degrees of verisimilitude to the situation in vivo, as discussed by Brown & Gilbert. 12 The formation of bacterial biofilm on in-dwelling lines gives rise to major problems, which remain unsolved despite much research. Organisms within biofilms appear to be in a metabolically altered state, such that they are phenotypically resistant or tolerant to antibiotics, despite being genotypically sensitive. 2, 10, 12 Results of conventional tests for antibiotic susceptibility may not be helpful in suggesting effective therapy, and often infected vascular lines have to be removed. 13 Strategies to prevent biofilms from forming, e.g. by incorporating biocides into catheter material [14] [15] [16] or by using electric current, 17 have either not yet reached the clinic or have proven unsatisfactory in practice despite encouraging findings in vitro. 18 The commonest organism involved in infections of in-dwelling lines is Staphylococcus epidermidis. 19 This species offers two further obstacles to successful treatment: it is often intrinsically resistant to antibiotics, and it often produces slime. The latter characteristic enhances the ability of bacteria to adhere to plastic surfaces and inhibits phagocytic cells. 13, 20 In view of the above, we now consider testing for activity against sessile bacteria an essential part of the evaluation of any new antimicrobial agent. Here, we report the results of a comparative bactericidal study of ciprofloxacin and the semi-synthetic streptogramin quinupristin/dalfopristin acting on slime-positive and slime-negative strains of S. epidermidis, in a model of biofilms on silicone rubber.
Materials and methods

Materials
Surgical grade silicone sheeting (1 mm thickness) was purchased from OsteoTec Ltd, Christchurch, UK.
Quinupristin/dalfopristin was a gift from Rhône-Poulenc Rorer, Vitry-sur-Seine, France and ciprofloxacin from Bayer AG, Wupperthal, Germany; vancomycin was
Bacterial strains
S. epidermidis strains 53, 1966, 6967, N15, N10 and 0303 were from our collection (all had originally been isolated as pathogens from clinical specimens). These strains were chosen to give a spectrum of adherent and non-adherent strains with differing susceptibilities to erythromycin (Table I) .
Test for adhesion
Each strain was inoculated into two soda glass tubes containing Tryptone Soya Broth (TSB; Unipath, Basingstoke, UK). After overnight incubation at 37°C, the culture was poured away and the tubes were stained with safranin (CI 50240) or Alcian Blue (CI 74240) for the detection of adhesion. 21 Identical results were obtained with either stain.
Test for slime production
Extracellular slime was quantified using the method of Bayston & Rodgers. 22 These assays were performed by Dr R. Bayston, University of Nottingham, UK.
Determination of MIC
The MIC was determined by the tube dilution method in TSB with an inoculum of 10 6 cfu. Tubes were read after overnight incubation at 37°C.
Biofilms
Discs of 8 mm diameter were punched from the silicone sheeting and sterilized by autoclaving in water. Discs were put into Petri dishes, and 100 L of bacterial suspension, containing 10 7 cfu of S. epidermidis in phosphate-buffered saline (PBS; Dulbecco 'A', Unipath), was added to each one. The suspension had been prepared from overnight growth on Columbia Agar (Unipath) 5% whole horse blood. Discs were incubated for 4 h at 37°C and rinsed twice in PBS to remove planktonic bacteria. 'Two-day' biofilms were made by adding sufficient TSB to cover the drained discs, and incubating at 37°C for 48 h.
Time-kill experiments
Sessile bacteria. Discs with 2-day biofilms were washed in two changes of PBS, and their purity checked by plating out the supernatant TSB. One disc was placed in each compartment of a 25-well polystyrene dish (Sterilin), 2 mL of TSB containing the requisite antibiotic concentration (see below) were added to each well, and the plates were incubated at 37°C. At time 0, and after 24 and after 48 h, discs were removed for viable counting. This was done by placing each disc, after washing in two changes of PBS, in a bottle containing 5 mL TSB 0.3% (v/v) Tween 80, sonicating for 1 min, and vortexing for 1 min. Dilutions were made from the TSB, 0.1 mL volumes spread on blood agar plates and a colony count made after overnight incubation at 37°C. For each data point, four separate discs were counted and the mean value plotted.
Planktonic bacteria. Conical flasks of 500 mL capacity containing 100 mL TSB were inoculated with approximately 10 7 cfu from an overnight broth culture, and antibiotic was added at the desired concentrations. Flasks were shaken at 100 rpm at 37°C in an orbital incubator, and samples taken at intervals up to 24 h for viable counting.
Rationale for antibiotic concentrations selected
The model was originally conceived to mimic the situation existing in continuous ambulatory peritoneal dialysis; hence, antibiotic concentrations appropriate to the 
Results
Biofilm formation
The amounts of growth harvested from each '2-day' disc were reproducible, as illustrated in Table II . Adherent strains grew better in biofilm than the non-adhesive strains.
Killing of planktonic bacteria
As expected, erythromycin had little or no effect on the growth of the erythromycin-resistant S. epidermidis strains 1966, 6976, 10 and 303. A bacteriostatic effect was observed with erythromycin against the two susceptible strains; a 1 log 10 cfu reduction was observed after 14 h for S. epidermidis strain 53 and after 23 h for strain 15 (giving rate constants of 0.007 and 0.004 log 10 /h, respectively) (data not shown).
The glycopeptides were the most effective bactericidal agents over a 24 h period. Plots of log 10 viable count against time were linear, and 99.9% kill occurred within 18 h for all S. epidermidis strains except strain 15. Rate constants ranged from 0.1 to 0.3 log 10 /h (data not shown).
Ciprofloxacin exerted a bactericidal effect on all six strains tested but linear time-kill plots were found only for strain 15. For the other five strains, the initial rapid rates of killing decreased between 8 and 24 h. Thus, by the end of the experiment, the amount of killing of each strain was less than that caused by the glycopeptides. Linearity of time-kill plots was considerably improved when viable count was plotted against log 10 time.
Conventional time-kill plots (log 10 viable count against time) for quinupristin/dalfopristin were concave in shape, as for ciprofloxacin, rates of killing decreasing as time increased. This is a phenomenon that had previously been observed with Staphylococcus aureus. 27 Again, straighter lines could often be obtained by plotting viable counts against log 10 time (Figures 1 and 2) . It was notable that when the concentration of quinupristin/dalfopristin was altered between 5 and 30 mg/L the rate of killing did not change. 
Killing of bacteria in biofilm
As previously reported, 2 8 S. epidermidis in biofilms often reproduced, rather than being killed, in the presence of concentrations of vancomycin or teicoplanin that were supra-inhibitory according to conventional MIC testing. Growth was visible macroscopically, but could not be q u a n t i fied, as bacteria formed extremely cohesive granules.
Erythromycin did not affect the viability of biofilms of S. epidermidis strains that were resistant to this antibiotic. Slow killing was observed in biofilms of the two erythromycin-susceptible strains (15 and 53). Kinetics of killing were similar to those found with planktonic cells of these two strains, a 90% kill being found after 13 and 10 h exposure to the antibiotic, respectively (data not shown).
Ciprofloxacin and quinupristin/dalfopristin killed all bacteria tested in biofilms at rates similar to those found for planktonic bacteria, and with similar kinetics (i.e. generating concave time-kill plots). Plots could be made approximately linear by plotting viable count against log 10 time (Figures 3 and 4) . As with sessile bacteria, killing in biofilms was independent of concentrations of quinupristin/dalfopristin, within the range 5-30 mg/L ( Figure  5 ). Rates of killing by quinupristin/dalfopristin and ciprofloxacin are summarized in Table III. Bacteria that had survived contact with antimicrobial agent for 48 h did not show any decrease in susceptibility to quinupristin/dalfopristin or ciprofloxacin when compared with organisms from the original inoculum, as determined by disc testing.
Discussion
The biofilm model chosen in this study was that described by Prosser et al., 1 because it is simple (no special apparatus required), highly reproducible (Table II) , conducive to microscopy (as flat discs of polymer are used), and closely mimics the situation in dialysis (Tenckhoff catheters being made of silicone elastomer). We have found that the glycopeptides, which are under many circumstances drugs of choice when S. epidermidis are involved, far from killing these organisms in biofilms, allowed growth at concentrations well in excess of the MIC for planktonic bacteria (up to six-fold higher). 28 Dunne reported that sub-inhibitory concentrations of vancomycin (up to 0.25 MIC) stimulated biofilm formation, but concentrations above the MIC were not tested. 3 Irrespective of adhesive properties and status of resistance to erythromycin, all six strains of S. epidermidis we selected to test were killed, albeit slowly, in biofilms by ciprofloxacin and by quinupristin/dalfopristin. For both drugs, the rates of kill decreased with time. No emergence of resistance was observed, and rate of killing by quinupristin/dalfopristin were independent of antibiotic concentrations over the range 5-30 mg/L MIC). Ciprofloxacin and quinupristin/dalfopristin showed rather similar kinetics of killing, although the ciprofloxacin rate of kill was somewhat more rapid. Plots of log viable count against time were not linear, showing that first-order kinetics were not being obeyed. Neither did the plots fit second-order kinetics (i.e. plots of 1/viable count against time were not linear). The decreasing rate of kill as time passed was not explicable in terms of the surviving population being less sensitive to the antibiotic in question. When log viable count was plotted against log time, however, approximately straight lines were obtained, enabling best use to be made of the experimental points in order to calculate killing rates shown in Table III . The lack of a discrete order of reaction for the kinetics of killing may be due to an unexplained mass action effect. The results here suggest that quinupristin/dalfopristin may be useful in the treatment, and thus by implication possibly the prevention, of S. epidermidis in biofilms, such as may be found during line-associated infections.
